Warming of the climate system can result in very large corresponding changes in the occurrence of climate extremes. Temperature extremes may occur due to a shift in the whole distribution, where there is an increase in the entire temperature probability distribution, or to changes in the shape of the distribution, such as an increase in variability 
Introduction
Warming of the climate can result in very large corresponding percentage changes in the occurrence of climate extremes, including an increased probability of observed heat extremes [Alexander et al., 2006; Trenberth and Fasullo, 2012; Coumou and Robinson, 2013] . There are various ways that mean climate warming can produce changes in temperature extremes and the Intergovernmental Panel on Climate Change (IPCC) Special Report on Extremes (IPCC SREX) [IPCC, 2012] identifies three simplified ways that changes in extremes can occur. The identified changes include, 1) a 'Shifted Mean' where there is an increase in the entire temperature probability distribution, 2) an 'Increased Variability' where there is a symmetric widening of the variability of temperature, leading to an increase in extremes in both the cold and warm tails, and 3) a 'Changed Symmetry'
where the higher order statistics of the distribution changes. Understanding historical and possible future changes in extreme climate events, and their impacts, requires analysis beyond simply evaluating changes in the mean climate state. Ecological studies, for example, propose that changes in temperature variance may have disproportionately greater effects on species' performance than the impact of mean temperature change [Vasseur et al., 2014] . Hence, explicitly exploring how higher statistical moments of temperature distributions change is useful for establishing meaningful predictions of climate change impacts [Mearns et al., 1984] .
Various previous studies suggest that a shift in the mean accounts for much the change in observed temperatures extremes [Simolo et al., 2010; Rhines and Huybers, 2013; Tingley and Huybers, 2013; McKinnon et al., 2016] , with no further changes in the shape of distributions required. However, potential complexity has been reported in observed temperature extremes. Donat and Alexander [2012] investigated daily maximum and minimum temperatures changes in global gridded observational, comparing the probability density functions (PDFs) of variables in 1951-1980 to 1981-2010 . Comparisons showed that both daily maximum (Tmax) and minimum (Tmin) temperatures have shifted towards higher values (equating to an increase in mean) in the later 30-year period of observations in all regions. However, the variance and skewness were found to be spatially heterogeneous in this study. Overall, changes in observed extremes result from both a shifting mean and changes in higher order moments, with an overall increase in global daily temperatures in the hot tail of the distribution occurring since the middle of the 20th century.
Observational-based results are equivocal, varying by region, by temperature variable and by timescale investigated. In a further study, Shen et al. [2011] determined that the historical trend in surface air temperature variance over the contiguous United States was decreasing, though the trend calculated was small and not necessarily statistically significant. The trend in the variance of Tmax was larger than Tmin. Data from the United States suggest that the distribution of Tmax was more widely spread compared to Tmin or mean temperatures (Tmean). For Europe, decreasing trends occur in the variance of observed intra-annual daily Tmin, with a lower magnitude trend observed in Tmax [Michaels et al., 1998 ]. However, more recent studies of western Europe calculated variance of daily temperatures had increased by 6% [Della-Marta et al., 2007] . While there is little consensus on changes in higher order statistical moments in observed temperature distributions in different regions, such changes must be explicitly explored in order to understand changes in temperature extremes. In a further study, the record-breaking temperatures in Switzerland in the summer of 2003 were explored in terms of both changing mean state and variability [Schär et al., 2004] . In this case, a climatic regime described by an increased variability of temperatures, in addition to increases in mean temperature, was necessary to account for the magnitude of temperatures experienced in Europe in summer 2003. This study noted a "tremendous sensitivity of extremes to the width of the statistical distribution," concluding that variability can indeed be more important than averages for understanding extremes.
Climate models have also been used to explore changes in temperature extremes [Kharin et al., 2013; Sillmann et al., 2013; Wuebbles et al., 2014] . For example, global climate models project a several-fold increase in the frequency of monthly to seasonal scale heat extremes over the decades to 2040, irrespective of the emission scenario [Coumou and Robinson, 2013] . However, these particular studies did not comprehensively examine the characteristics of mean, variance and the evolution of extremes in simulated historical temperatures or changes under future greenhouse gas warming. A 2014 study focused specifically on differences in the cold and warm tails of seasonal extremes projected a wider range of seasonal extreme temperatures in the 21 st century due to asymmetry in cold and hot tails [Kodra and Ganguly, 2014] . As these results are based on a normalisation of temperatures relative to a reference period, a large overestimation of changes in extremes and asymmetry between cold and hot events may have been reported [Sippel et al., 2015] .
Hence, it remains unclear whether projected changes in extremes under future mean climate warming will correspond to simply a result of a shifting mean, or whether further changes in variance and higher order moments are expected. An increasing variance in future summer temperatures is indicated in distributions derived from Representative Concentration Pathway (RCP) experiments [Taylor et al., 2012] in certain extreme event attribution studies [Lewis and Karoly, 2013; Christidis et al., 2014] , However, it is not clear whether this is an artefact of the specific methods of analysis, such as using varying sample size, or rather is rather a genuine feature associated with mean warming. Furthermore, it is unclear whether such simulated changes are model-dependent.
Understanding the characteristics of changes in temperature distributions in response to background warming remains an important aspect of fully understanding potential future changes in heat extremes and their impacts. In this present study, specific characteristics of temperature distributions are investigated for Coupled Model Intercomparison Project phase 5 (CMIP5) [Taylor et al., 2012] 
Data
Temperatures were investigated in two CMIP5 experiments. These were the standard historical experiment simulating the climate of 1850-2005 with anthropogenic (greenhouse gases, aerosols and ozone) and natural forcings (volcanic and solar) and the RCP8.5 experiment of the 21 st century. We focus on temperatures in the RCP8.5 experiment for two reasons. First, this emissions scenario is most representative of global CO 2 emissions occurring from the termination of the historical experiment in 2005 to the present [Peters et al., 2012] . Second, this strong forcing leads to the highest temperature projections amongst the CMIP5 scenarios [Peters et al., 2012] and hence provides an opportunity to explore possible changes in the statistical characteristics of simulated temperatures due to the higher signal to noise ratios. Models were included in the analysis where data were available for each experiment at the daily and monthly timescales for mean (tas), maximum (tasmax) and minimum (tasmin) temperatures (seven models available; ACCESS1-3, CCSM4, CNRM-CM5, CSIRO-Mk3-6-0, HadGEM2-ES, MRI-CGCM3, GFDL-CM3).
Model data were re-gridded onto a common 1.5° latitude by 1.5° longitude horizontal grid using first-order conservative mapping. Only model gridboxes comprising of at least 75% surface land fraction were used for calculation of area-mean temperatures for each region (Australia 50-10°S, 110-155°E; Asia 10-70°N, 60-170°E; Europe 30-70°N, 10°W-60°E; North America 20-70°N, 160°-50W). These regions were selected due to the relative availability of observational data [Dittus et al., 2015] . Area-weighted mean values were calculated for each region and temperature variables were considered in detail on annual and daily timescales. Comparable observational temperature distributions were calculated from the Berkeley Earth Surface Temperature product, which merges temperature observations from 12 sources to provide daily and monthly gridded land surface data for Tmean, Tmax and Tmin variables [Rohde et al., 2013] .
Temperature anomalies were calculated relative to the 1961-1990 average for observations and used to assess whether simulated multi-model distributions were statistically indistinguishable from observations using a Kolmogorov-Smirnov (K-S) test (Fig.   1 ). The K-S test is useful for such determinations as it makes few assumptions about the distribution of data and is nonparametric. However, as the K-S test is not specialised towards departures in the tails of distributions, we next checked these results using an Fig. 1 and 2) using a K-S test we determined that distributions for Australia, Asia, Europe and N. America are statistically indistinguishable from observations using both K-S and A-D testing. However, the equivalent daily historical curves have an increased variance compared to observations and are statistically distinct from observations. We note that the Berkeley temperature dataset is not yet fully documented and hence data should be used cautiously, although model-observational differences can result from both model biases and observational errors.
Methods and results
Several aspects of historical and projected 21 st century temperatures were examined.
Temperature characteristics were considered for a series of 30-year periods (1946-1975, 1976-2005, 2006-2035, 2036-2065, 2066-2095) from the historical and RCP8.5 experiments for individual models contributing to CMIP5. Periods in each experiment are designated using the relevant subscript, such as historical . We first assessed departures from normality of temperatures distributions from the models using a Shapiro-Wilk test [Steinskog et al., 2007] . A Shapiro-Wilk test of normality was applied to regional-average timeseries and demonstrates that the majority of model's annual-average series can be described as normal at the 5% significance level. However, most model realisations demonstrate departures from normality in daily Tmean, Tmax and Tmin distributions that are detectable using the Shapiro-Wilk test at the 5% significance level. As such, we consider annual-scale distributions as Gaussian, but daily model distributions as non-Gaussian.
Projected changes in mean
In order to determine whether temperatures were significantly different in later 30-year periods from the historical base period , we first applied Kolmogorov-Smirnov 3 and 4).
Projected changes in variance
Next, we investigate changes in variance in projected temperatures, which requires an estimate of the warming trend in later time periods. First, we use a differing climatological baseline period for investigating potential changes in variance and we calculated temperature anomalies with respect to each 30-year base period (i.e. anomalies for RCP8.5 are calculated for each model relative to the 2036-2065 climatology in that model). In addition, comparing the distributions of temperatures in different time periods that have a differing rate of warming produces an overestimation of variance in the period with the higher warming rate [Rhines and Huybers, 2013] . The rate of warming increases throughout the RCP8.5 scenario in all regions, with the rate of warming in the second half of the century at least double that occurring during the historical period. Accounting for changes in the mean requires detrending timeseries for each period, which was undertaken using a fourth-order polynomial fit that is considered more physically realistic than using a simple estimate such as a linear regression. While we note that estimates of changes in mean could be performed in different ways, such as a function of radiative forcing, the application of the same simple detrending estimate to all time periods, allows variance in distributions to be assessed and compared. Variance was calculated for each model for detrended regional area-average or gridbox Tmean, Tmax and Tmin.
The mid-21 st century changes in variance in RCP8.5 Tmean are variable across the seven-member model ensemble, with stippling in Fig. 3 For area-averaged temperatures, the projected change in variance in annual average Tmean differs across regions (Fig. 4) Supplementary Fig. 8 and 9 ).
Projected changes in extremes
We next focus on the evolution of extremes in temperature in the 21 st century. The
Shapiro-Wilk test of normality applied to regional-average timeseries of annual and daily scale demonstrates that an assessment of changes in the characteristics of distributions cannot assume normality in simulated temperatures and cannot be comprehensively made from parametric tests which can have low power if distributions are not normal [Ferro et al., 2005] . In order to investigate changes in the distributions of temperatures, we employ a nonparametric quantile approach [e.g. Ferro et al., 2005; Lee et al., 2013] . The p quantile (100p percentile) of a distribution is simply the value below which a proportion p of the probability falls [Ferro et al., 2005] . We first compare the historical with RCP8.5 2036-2065 for annual-average Tmean using a quantile-quantile (Q-Q) plot (Fig. 6) , which shows the average quantiles across the multi-model ensemble. Q-Q plots show some differences between the distributions at high and low temperature anomalies, particularly in Australia and N. America. With the substantially larger sample size of daily Tmean data, no such changes in the tails of the distributions between 30-year periods is evident (Fig. 7) . Although a tendency of the cool end of the distribution to fall below the y=x line indicates possible changes in cold extremes in RCP8.5 2036-2065. The Q-Q plots highlight that while much of the change in distributions can be describe by shifts in mean, changes in the tails of the distributions should be considered explicitly. We employed a quantile regression approach, which allows trends in specific portions of the distribution to be identified, independent of the variability occurring in the remainder of the distribution [Lee et al., 2013] There are also key differences between minimum and maximum temperature quantile regression slopes (Supplementary Table 1 ). Daily minimum and maximum temperatures also demonstrate increases in slope from lower to upper quantiles. In addition, the temperature trends are larger for minimum than maximum temperatures for Asia and North America, although the maximum temperature trends are larger than the equivalent minimum trends for Australia.
Discussion and conclusion
Understanding changes in the statistical characteristics of climate variables through time represents a substantial scientific challenge. While changes in the mean of temperatures through time can be readily estimated using future climate model projections, an assessment of higher order statistical moments necessarily requires assumptions to be made. It remains unclear how best to determine whether changes in future climatic extremes derive simply from an increase in the mean, or also result from changes in variance, skewness and/or kurtosis. In our present study, we investigated the characteristics of annual-average and daily Tmean, Tmax and Tmin in the CMIP5 historical and RCP8.5 experiments in order to examine whether changes in future temperatures resulted from changes in mean, variance and/or the tails of the distributions. were simulated in some regions, as determined using an f-test at the 10% level. However, no consistent increases or decreases in variance were simulated with any one model. We also focused on the tails of distributions using quantile regression slopes. Daily Tmean, Tmax and Tmin demonstrate regionally consistent increases in temperature trends from lower to upper quantiles, suggesting a warm skew in the distribution.
Overall, our investigation of CMIP5 projections suggest that while rapid changes in mean temperatures in the 21 st century largely drive changes in the magnitude and frequency of extremes, higher order changes may be important. In addition, the possible contribution of changes in the tails of distributions to changing extremes in the future, as determined by quantile analysis, is increasingly important with enhanced warming. To date, there is little observational evidence to support an increase in variance in interannual global temperatures [Folland et al., 2001] , although some changes in variance and skewness in gridded daily temperature observations have been calculated for some regions [Donat and Alexander, 2012] . In their study, Donat and Alexander [2012] determined that the shift in probability distributions towards warmer temperatures was universal, but changes in variance were heterogeneous. In specific regions, a recent study suggested that changes in distributions of observed temperatures are foremost explained by a positive shift, although regional changes in distributional shape were also identified [McKinnon et al., 2016] . Prior model-based studies project changes in distributional shape as well as location for future temperatures.
Kodra and Ganguly [2014] find a widening of variability in CMIP5 models although to do so, they utilise normalisation of temperatures relative to a reference period, a technique that overestimates changes in extremes and distributional asymmetries [Sippel et al., 2015] .
Increasing variance under future greenhouse warming, including for example, increasing interannual variability in future daily temperatures are consistently projected for Europe by the end of the 21 st century [Fischer et al., 2012] and significant changes in European daily temperature variance are projected, including enhanced variance in summer daily Tmax [Lustenberger et al., 2014] . We note that our study is necessarily limited in being able to provide specific insights into future extremes. First, we use only a subset of CMIP5 models and only a high greenhouse gas emissions scenario was investigated here and not the entire suite of available CMIP5 RCP scenarios. Furthermore, the sample size of the annual average timeseries was small by necessity (30 years per time period per model), which may limit an evaluation of higher order statistical moments from being made. While small sample sizes are susceptible to bias [Wilks, 2015] , such limitations must be weighed up against the nonstationarity of considering longer timeseries that afford larger samples sizes. In our study, we investigated temperatures in a scenario with large warming trends, and accounted for nonstationarity by considering variance in distributions that had an estimate of warming trends removed. Determining any estimate of warming trend requires assumptions to be applied, and hence disentangling the trends from distributional properties is not straightforward. Furthermore, we did not explicitly investigate the skill of models, relative to observations, in simulating the key climatic processes behind regional-scale extremes. An exploration of climatic processes within future projections may provide further insight into the causes of higher order changes in temperatures. For example, investigation of the role of soil moisture-climate interactions may be insightful for understanding areas where a significant change in temperature variance is simulated [Whan et al., 2015; Hauser et al., 2016] . Finally, we did not explore the physical basis for differences in the behaviour of daily and annual-scale temperatures, which would provide insight into interannual versus intraannual variability. This remains for future examination.
As such, we do not suggest that the changes in temperature distributions presented here should be interpreted directly for understanding future heat extremes. Rather, we argue that while CMIP5 models consistently demonstrate an increase in the mean across the various regions in the future, an increase in extreme temperature may result from changes in variance and the weight of the warm tail of the distribution, as well as the mean. Boxplots are shown for each region. (green, historical 1946-1975 ; blue, RCP8.5 2006 -2035 black, RCP8.5 2036 black, RCP8.5 -2065 red, RCP8.5 2066 red, RCP8.5 -2095 ). Where changes in variance are not significant at the 10% level, variance is in indicated by a cross, otherwise numbers indicate which particular model is plotted (1 ACCESS1-3; 2 CCSM4; 3 CNRM-CM5; 4 CSIRO-Mk3-6-0; 5 GFDL-CM3; 6 HadGEM2-ES; 7 MRI-CGCM3') .SFigure 7. As for SFigure 6, but showing Tmin. 
